Abstract. The elevation history of the Himalaya-Tibet orogen is central to understanding the evolution and dynamics of both the Indian-Asia collision and the Asian monsoons. 
oriented approach to quantify the isotopic fluxes attributed to specific mechanisms and demonstrate that the contributions from these processes vary spatially and in response to elevation change. Finally, we discuss the implications of our results for reconstructing paleoaltimetry of the Himalayas and Tibetan Plateau.
Methods

Model and experimental design 5
In this study, we employ ECHAM5-wiso, a water isotope-enabled atmospheric global climate model (AGCM). The model has been widely used both for modern and past climate and isotope simulations. For instance, Feng et al. (2013) and employed ECHAM5-wiso to explore climate and isotopic responses to Cenozoic surface uplift and climate change in western North America. ECHAM has also been shown to simulate many aspects of Asian climate (e.g. Battisti et al., 2014) and isotopic compositions (d 18 Op) simulated by ECHAM5-wiso generally agree well with observed 10 modern stream and precipitation δ 18 O across the Tibetan Plateau as shown by Li et al. (2016) (see their Fig. 11 ).
We use a model configuration with 19 vertical levels, and a spectral triangular truncation of 106 horizontal waves, approximately equivalent to a 100-km grid spacing. This horizontal resolution, though still relatively coarse, is about twice that of recent simulations used to validate the simulation of water isotopes over the Tibetan plateau and recent paleoclimate simulations of the Tibetan Plateau (e.g. Roe et al., 2016) . The AGCM is coupled to a slab-ocean model, 15 the MPI-OM, with prescribed monthly sea surface temperature and ocean heat flux from the Atmospheric Modeling Project water isotopologues are included as independent tracers in the atmosphere. When water evaporates from the sea, both equilibrium and non-equilibrium distillation processes occur as a function of sea surface temperature, wind speed, relative 20 humidity, isotope composition in seawater and vapor above the ocean surface (Hoffmann et al., 1998) . Convective rains are assumed to have large rain drops that reach only partial (50%) isotopic equilibration with surrounding vapor, while largescale precipitation with smaller rain drops attains almost complete (90%) equilibration with the environment (Hoffmann et al., 1998) . Only large lakes, the size of at least one-half grid cell, are resolved in the model, and fractionation from the land surface is not included since its impact on precipitation d 18 Op is negligible (Haese et al., 2013) . 25
We conducted two sets of sensitivity experiments ( Fig. 1 ) in addition to a control simulation with modern conditions (CNTL). In the first set of sensitivity experiments, topography is uniformly lowered to 80% (TOPO80), 60% (TOPO60), 40% (TOPO40) and 20% (TOPO20) of its modern elevation over a domain that includes the Himalaya and Tibetan plateau.
In the second set of sensitivity experiments, we conducted two experiments with non-uniform elevation modifications over this domain. The first experiment includes a high Himalayan front with a Tibetan Plateau reduced to 20% of its modern 30 elevation (TOPO20a). This experiment is inspired by the widely accepted notion that southeast Asia had an Andean type Clim. Past Discuss., https://doi.org /10.5194/cp-2018-117 Manuscript under review for journal Clim. Past Discussion started: 12 September 2018 c Author(s) 2018. CC BY 4.0 License. mountain belt before the collision of the Eurasia and the Indian plate (Royden et al., 2008) . TOPO20a also serves as a test of the Himalaya on the regional climate. In the second experiment, the outer edge of the Tibetan Plateau remains, but the inside is lowered to 20% of its modern height (TOPO20b). The second experiment is a sensitivity test to investigate the role of plateau heating on regional climate and isotopic compositions. In both sets of experiments, we tapered the topography along the borders of the domains to avoid any abrupt topography boundaries. Except for topography, all other boundary conditions 5 are kept the same among all experiments. Each experiment was run for 20 years, with the last 15 years used for analysis.
Only summertime (June-July-August) climate variables and precipitation-weighted δ 18 O are analyzed, since carbonates form primarily under summer temperature when precipitation peaks (Peters et al., 2013) , and both summer climate and precipitation-weighted δ 18 O are most commonly reconstructed for paleoclimate studies (e.g. Quade et al., 2011; Bershaw et al., 2012) . 10
Mean climate conditions today vary across the Himalaya; the western Himalaya is characterized by peak precipitation in winter and early spring, while the central Himalaya is dominated by the Indian Summer Monsoon (IM) and the eastern Himalaya by the East Asia Summer Monsoon (EASM) (Yao et al., 2013) . Because of this heterogeneity, we separate the Himalayas into four distinct regions for analysis purposes, including the western Himalaya; a transitional area between western and central Himalaya; central Himalaya; and eastern Himalaya (transitional areas between central and eastern 15
Himalaya are excluded because climate and isotopic signals are similar to IM and EASM regions). The strength and pattern of precipitation and wind, and isotopic compositions in the two eastern-most transitional areas are similar to those in the IM and EASM in most cases. Thus, in the following we present results only for the western, transitional, IM and EASM regions as shown in Fig. 2. 
Rayleigh distillation 20
We developed an open-system, one-dimensional, altitude-dependent Rayleigh distillation model (RDM) in order to estimate decreases in d 18 Op due to Rayleigh distillation during ascent. The RDM tracks the isotopic composition of an air parcel as it ascends adiabatically from low to high altitude, becomes saturated, and loses condensate through precipitation. In the RDM, an air parcel cools at the dry adiabatic lapse rate before condensation and at the moist adiabatic lapse rate upon saturation (Rowley and Garzione, 2007) . The RDM is run using terrain-following coordinates and is initialized with three different 25 moisture sources: (1) fixed air temperature (T=20°C) and relative humidity (RH=80%), (2) local, low-level T and RH from ECHAM5, and (3) fixed T=20°C and RH from ECHAM5. In this way, we are able to quantify the influence due to total moisture source change ((1) minus (2)), and further decompose this influence into the changes in T ((3) minus (2)) or RH ((1) minus (3)).
In order to estimate how much of the mass flux of 18 O in total precipitation is contributed by the Rayleigh distillation 30 process, we assumed that all large-scale precipitation, Pl, forms in response to stable upslope ascent and participates in Rayleigh distillation. We then estimated the isotopic flux of water undergoing Rayleigh distillation as:
Clim. Past Discuss., https://doi.org /10.5194/cp-2018- The vapor mixing between air masses is estimated as the advection of 18 O in a vertical air column:
where 
Note that the centered-finite-difference method is used in discretizing the derivatives in Eq. (4). This method could 5 potentially bring errors in comparison to the spectral method used in the dynamical core of ECHAM5.
Recycling of surface water vapor transports 18 O to the atmosphere from lower boundary. To estimate this contribution to 18 O, the recycled mass flux (in g m
) is calculated as:
where d 18 O is the isotopic composition of the evaporated water and
) is the surface evaporation rate. 10
The mass flux of 18 O in total precipitation is estimated following (3) as:
where d 18 O is the isotopic composition of precipitation and P (m h −1 ) is the precipitation rate.
Results
Climate response to Tibetan-Himalayan surface elevation 15
Numerous modeling studies have found that lowering the height of the Tibetan Plateau influences regional temperature, wind, precipitation, and relative humidity (e.g, Kitoh, 2004; Jiang et al., 2008) . In this section, we describe regional climate changes on the western Himalayan slope, the Tibetan Plateau, the IM region and the EASM region, that occur as high elevations are lowered.
Under modern conditions, near-surface temperatures in the Tibetan-Himalayan region vary with elevation following a moist 20 adiabatic lapse rate (~5 °C km −1 ) (Fig. S1 ) and range from >30 °C on the Indian subcontinent at the foot of the Himalaya to <10 °C across the Tibetan Plateau (Fig. S2a) . Lowering elevations in our experiments causes near-surface temperatures across the Tibet-Himalayan region to increase ( Fig. S2b-g ) at approximately the lapse rate for CNTL. As a result, temperature lapse rates vary little among elevation scenarios, for instance, ranging from 4.9-5.4 °C km −1 in the IM region ( Fig. 1) . 25
Wind patterns, precipitation and RH respond dramatically to reductions in elevation. These changes vary across regions. On the western Himalayan slope, wind directions nearly reverse with southerly winds in the high-elevation scenarios switching to northwesterly winds in low-elevation scenarios (Fig. 3) . This wind reversal results in transport of arid air from the north, lowering total-column relative humidity by ~40%. With this substantial decrease in RH, summer precipitation decreases from ~1100 mm yr −1 in CNTL to ~30 mm yr −1 in TOPO20. A similar decrease in RH, by ~20% from CNTL to TOPO20, is 30 Clim. Past Discuss., https://doi.org /10.5194/cp-2018- The responses in the monsoonal regions are somewhat different from those on the western slope and Tibetan Plateau. A reduction in surface elevation (from CNTL to TOPO20) ( Fig. 1 ) leads to weakening of the IM, as indicated by slowing of 5 summer southwesterly winds over the Bay of Bengal and the Arabian Sea and a decrease in summer precipitation (by more than 20 mm day −1 in ECHAM) along the central Himalayas (Fig. 3) . IM weakening is also demonstrated by the WSI1 monsoon index (Fig. 4 , following Wang and Fan (1999) ), which is defined by the vertical wind shear between the lower (850 hPa) and upper (200 hPa) troposphere in the region (5-20° N, 40-80° E) . Monthly WSI1 index values (not shown) indicate that the Indian monsoon persists but weakens abruptly once elevations are reduced to between 40-60% of modern values, a 10 threshold reported in previous modelling studies (e.g. Abe et al., 2003) . As a result of IM weakening, total-column average RH decreases from >90% in CNTL to 70% in TOPO20 and summer precipitation decreases from >6000 mm yr −1 in CNTL to 2200 mm yr −1 in TOPO20.
ECHAM5 captures a similar threshold behavior in monsoon activity in the EASM region. With lowering of the Himalayan front to 40% of its modern elevations, the broad humid belt that characterizes central China in high elevation scenarios 15 (CNTL, TOPO80, TOPO60, TOPO20a and TOPO20b) shifts southward, resulting in an expanded arid belt in the region (in TOPO40 and TOPO20). This shift in precipitation is associated with a southward retreat of the southwesterly monsoonal winds that penetrate much of eastern Asia (Fig. 3d, e) . The southward shift in precipitation and winds is consistent with southward displacement of the EASM documented by the first deposition of aeolian dust in the Miocene (Guo et al., 2008) .
This observed southward displacement of the EASM is considered to mark the Cenozoic transition of eastern Asian from 20 being dominated by a planetary circulation system to a monsoonal system (e.g. Lu and Guo, 2014; Liu et al., 2017) .
Climate response to Himalayan surface-elevation
ECHAM5 experiments TOPO20a and TOPO20b isolate the influence of Himalayan elevations on the regional climate.
These experiments generally indicate that the Himalayas, rather than the Tibetan Plateau, govern regional precipitation and circulation patterns. The IM and EASM are strong in both TOPO20a and TOPO20b. The IM is shown by strong low-level 25 wind over the Arabian sea and heavy precipitation across both the Indian subcontinent and the central Himalayas in TOPO20a and TOPO20b ( Fig. 3f-g ). Likewise, the EASM in these simulations is similar to that in the CNTL as indicated by heavy precipitation to the north of Yangtze river and southerly winds penetrating central China ( Fig. 3f-g ).
To further elucidate the contribution of the Himalaya to monsoonal dynamics, we calculated the equivalent potential temperature (Fig. S3) , which is commonly used to denote the location of monsoonal heating for the Indian Monsoon. In 30 TOPO20a and TOPO20b, the equivalent potential temperature maxima are reduced but in a similar location as in the CNTL case, supporting our conclusion that the Himalayas are the dominant driver of the IM. When the Himalayas are lowered, monsoonal heating decreases and the locus shifts southeastward as cold, dry extratropical air moves southward and mixes with warm, humid subcontinental air, consistent with the results in Boos (2015) , though the extent of the shift is smaller in ECHAM5.
In contrast to this well-established mechanism for the Indian Monsoon, the mechanism for the southward shift of the EASM is not well understood. Uplift of the Himalaya-Tibet orogen and retreat of the Paratethys have been proposed as possible factors triggering this southward shift between 22-25 Ma (Guo et al., 2008; Liu et al., 2017) . The simulation of a strong 5 EASM over central China in both TOPO20a and TOPO20b suggests that uplift of the central and western Himalaya would have been capable of forcing this southward shift. consideration for both the mismatch over east-central and northern Tibet is that the water samples were collected over a short two-year span and may not reflect mean climatic conditions. This possibility is supported by the large inter-annual variability in d 18 Op (up to 9 ‰) in both ECHAM and in precipitation sample spanning 1986 to 1992 from GNIP 25 (AEA/WMO, 2017).
Model validation of ECHAM5-wiso
Moisture source influence on RDM d 18 Op
Under modern elevations, d 18 Op decreases with elevation on the Himalayan slope, increases with latitude across the Tibetan plateau ( Fig. 5a, 6 ), and varies little (mostly within 2 ‰) on the northern Tibet slope (36° N-40° N) (Fig. 6 ), consistent with observations (Li and Garzione, 2017 (Fig. 6) . The rate of change of d 18 Op with elevation and latitude decreases substantially in the monsoonal regions as Tibetan-Himalayan elevations are reduced (Fig. 6a, b) .
The oxygen isotope compositions of precipitation on mountain slopes are traditionally assumed to systematically decrease in response to adiabatic cooling, condensation, and rainout of ascending air parcels, a process described by Rayleigh distillation and the basis for the application of d 18 Op-paleoaltimetry. In this section, we evaluate the degree to which Rayleigh 5 distillation accounts for up-slope decreases in d 18 Op by comparing RDM to ECHAM d 18 Op in four separate regions (Fig. 2) .
Note that the northern Tibet slope is excluded here because most of the northerly air is diverted rather than being forced to ascent (Fig. 3 ).
For each of the four regions, we initialize the RDM with both fixed moisture sources (with initial T=20°C and RH=80%) as in paleoaltimetry studies and with ECHAM moisture sources (with T and RH that varies by region and case). The d 18 Op 10 predicted by the RDM using each moisture source is shown in Fig. 7 Table 3 , the effect of adiabatic temperature changes is consistently small (~−1 ‰) across all elevation scenarios, reflecting the fact that temperature lapse rates vary little among elevation scenarios (Fig. S1 ). In contrast, as the initial RH decreases with lowering of elevation, ECHAM-sourced d 18 Op is lowered by as much as 3.5 ‰ ( 
Performance of ECHAM-sourced Rayleigh distillation in the Himalayans
Our estimates using an RDM implicitly assume that Rayleigh distillation is the dominant process controlling the (Table 2 ). Under modern topographic scenarios for the western Himalaya (Fig. S6 ) and the monsoonal regions (Fig. 7, 8 In other regions and under low-elevation scenarios, however, the comparison between RDM and ECHAM d
18 Op is poor (Table 2 ). For instance, on the western Himalayas, in the TOPO80 case (Fig. S6) , the lapse rate of ECHAM d 18 Op is much smaller than the lapse rate predicted by the RDM (Fig. S6) , as shown by p_percent values of less than 0.15. Under even lower elevation scenarios (TOPO60, TOPO40, TOPO20), orographic precipitation is not triggered over the Himalayas (Fig. S6c-e), making the RDM an unsuitable representation of precipitation processes. In the transitional region, the d 18 Op can 5 vary by more than 5‰ at a specific elevation under all elevation scenarios (Fig. S7) . This large spread is represented by a low R 2 value of 0.12 for the CNTL case, and even lower values (less than 0.10) for other topographic scenarios. In TOPO40
and TOPO20, ECHAM d 18 Op shows little relationship with elevation (Fig. 6d ).
In the monsoonal regions, the relationship between ECHAM5 d 18 Op and elevation is weak in low elevation scenarios (Table   2 and Fig. 6 ) and compares poorly with the RDM. In the IM region, p_percent values for the TOPO40 and TOPO20 are less 10 than 0.29. In the EASM region, ECHAM5 d
18 Op is higher than RDM d 18 Op (Fig. 7, 8 (Fig. 9) , distinguishing the processes that increase the mass flux of 18 O of the column (mixing and surface recycling) from those that decrease it (Rayleigh distillation and convective rainfall). Note that this method of taking the vertical column as a whole does not isolate the processes occurring within this air column (e.g. sub-cloud re-evaporation) but this limitation does not impact the ability to identify the contribution of Rayleigh distillation and local processes. The results from this method yield very different contributions on 25 the western slope from those in other regions, thus, the western Himalayas are reported separately.
On the western Himalayas, local surface recycling and convective rainfall contributes substantially to the total mass flux of 18 Op in the highest elevation scenarios (Fig. 9a) . The contributions from these processes accounts for the poor match between approximately constant in all elevation scenarios. As a result, surface recycling is as or more important than mixing as a source of 18 O under low-elevation scenarios (Fig. 9c, d ). This change in relative importance of the two sources represents an 5 increase in the importance of local versus remote sources as monsoon strength weakens under low-elevation scenarios.
In high elevation scenarios, Rayleigh distillation acts as the dominant sink of 18 O in the monsoonal regions causing d
18
O to decrease markedly with elevation ( Fig. 9c-d) . Under reduced elevation scenarios, the absolute mass flux from Rayleigh distillation decreases, as large-scale precipitation due to stable upslope ascent decreases and convective precipitation increases ( Fig. 10) . With reduced elevation, the percentage of large-scale precipitation to total precipitation falls from 86% 10 to 18% in the transitional region, from 93% to 18% in the IM region and from 80% to 15% in the EASM region, mirroring the decrease in the mass contribution of Rayleigh distillation, which falls from 85% to 11% in the transitional region, from 93% to 22% in the IM region and from 80% to 18% in the EASM region. As a result of the reduction in precipitation by stable upslope ascent, convective precipitation is the largest 18 O sink in TOPO20 and TOPO40 in both the transitional region and the IM region, and in TOPO60, TOPO40, TOPO20 and TOPO20a in the EASM region. (Fig. S7 ). This spread is due to 20 the bifurcated sources from northwest India (relatively enriched) and the Bay of Bengal (relatively depleted), since air parcels follow separate trajectories before mixing at the peak (Fig. S8 ).
In sum, the mismatch between RDM and ECHAM d 18 Op is caused by a weakening of Rayleigh distillation under lowelevation scenarios, triggered by a reduction in large-scale precipitation. Fig.11a, b) and variations are larger in high-elevation cases (e.g. from 1.90 ‰/° to 0.20 ‰/° in CNTL). Secondly, a linear fit is generally good with a high coefficient of determination (R 2 > 0.8) east of 85°W for all cases but TOPO20a and TOPO20b (Fig. S9) . The high goodness of fit indicates a robust d 18 Op-latitude relationship for the cases with uniform reductions in topography. The poor fit in TOPO20a and TOPO20b is due to the larger variations in elevation across the 5 Tibetan Plateau. In these two cases, dry conditions (Fig. S5) 
d
where d 18 Op is the isotopic composition in precipitation; d
18
Os is the condensate of recycled vapor; E (m h −1 ) is the surface evaporation rate and P (m h −1 ) is the total precipitation rate. Results from Eq. (7) show that d 18 O of surface recycling 25 contributes less than 0.1 ‰ in CNTL and slightly more (−2.67 ‰) in TOPO20 (Table 3 ). The overall small contribution from surface recycling in ECHAM5 is due to the fact that d
18 O values in soil are similar to those in precipitation (Fig. S10 ).
This small contribution grows in low-elevation scenarios due to the increased fraction of evaporated vapor to total precipitation (Fig. S11) . Nonetheless, surface recycling plays a secondary role in decreasing the meridional d 18 Op gradients.
Sub-cloud re-evaporation occurs within an unsaturated air column as falling raindrops undergo kinetic fractionation and 30 become isotopically enriched (Stewart, 1975) . Enrichment is reduced in heavier rain where the relative humidity is high, resulting in the observed anti-correlation between d
18 Op and precipitation rate referred to as the amount effect. To quantify this enrichment due to sub-cloud re-evaporation, we show d 18 Op against daily precipitation (Fig. 13) . (Fig. 13) , indicating a weaker amount effect and stronger sub-cloud re-evaporation even at high precipitation rates.
This shallow slope of sub-cloud evaporation results in the shallower meridional d 18 Op gradient on the Tibetan Plateau in lowelevation scenarios. In each individual elevation scenario, the enrichment of d 18 Op due to sub-cloud evaporation is stronger at 5 higher latitudes since there are more events of lower precipitation rates at higher latitudes than at lower latitudes (Fig. 14) .
As a result of this different distribution of precipitation, rainfall at higher latitudes is more enriched than that at lower latitudes. To further compare this contribution of sub-cloud re-evaporation with surface recycling, the excess enrichment of d
18 Op due to sub-cloud re-evaporation is quantified by the d 18 Op difference at high and low precipitation rates, weighted by precipitation rates (Table 3) . The excess enrichment due to sub-cloud re-evaporation is much larger than that due to surface 10 recycling and decreases with reduced elevation.
To explain this stronger sub-cloud re-evaporation in low-elevation scenarios, we refer to the kinetic fractionation process in ECHAM5 during partial evaporation of raindrops. As shown in Hoffmann et al. (1998) , kinetic fractionation in ECHAM5 is formulated as: between different elevation scenarios, we approximated the effective relative humidity to be the total-column-averaged RH.
As seen in Fig. S12 , the total-column-averaged RH at any given precipitation rate is higher in high-elevation scenarios than that in low-elevation scenarios. Specifically, when the precipitation rate is very high at 40mm day
, the RH is at ~100% in 20 CNTL, suggesting very little kinetic fractionation and weak sub-cloud re-evaporation. In comparison, in TOPO20 the RH is much lower at ~85%, indicating the presence of sub-cloud re-evaporation even at high precipitation rates.
In sum, meridional d 18 Op gradients on the Tibetan Plateau decrease with lower elevation, and this reduction is due to stronger sub-cloud evaporation in low-elevation scenarios. by Rayleigh distillation (Rowley and Garzione, 2007) . However, there is no a priori reason that modern d
Discussion 25
Processes impacting paleoaltimetry
18 O-elevation relationships should hold in the past when surface elevations and associated atmospheric conditions were different (e.g.
Ehlers and Poulsen, 2009; Poulsen et al., 2010; Feng et al., 2013; Botsyun et al., 2016 Feng et al. (2013) for the North American Cordillera, in 15 which it was shown that the isotopic fractionation of precipitation was not primarily due to Rayleigh distillation.
Our results also highlight the large influence that the choice of moisture source characteristics has on RDM d
18 Op and are consistent with those of Botsyun et al. (2016) . When we use fixed T and RH, ECHAM5 and RDM d 18 Op agreement is poor with considerable enrichment in RDM. When we use ECHAM5 T and RH, the agreement is considerably improved. This change in moisture sources represents elevation-induced climate change unrelated to rainout and not captured by Rayleigh 20 distillation. The overall impact from temperature and RH (red diamonds in Fig. 7-8 ) is a slight underestimation in highelevation scenarios and severe overestimation in low-elevation scenarios (e.g. by ~100% in TOPO20 in the IM region).
Implications for d 18 Op paleoaltimetry
As discussed above, d 18 Op paleoaltimetry is only appropriate for monsoonal regions in high elevation scenarios. Nonetheless, proxy d 18 Op from sites across the Himalaya-Tibet region have been used to infer paleoaltimetry throughout the Cenozoic 25 (Fig. 15, Table S1 ). We classify these sites into five types indicating their utility for d 18 Op paleoaltimetry.
As shown in Fig. 15 (black (Rowley and Currie, 2006) . These values almost certainly reflect high elevations. Nonetheless, elevation-independent factors, including atmospheric pCO2 (Poulsen and Jeffrey, 2011) and paleogeography (Roe et al., 2016) , add substantial uncertainty to the quantification of past surface elevations.
Caveats 15
Like all models, ECHAM has limitations. Most pertinent to this study, ECHAM simulates higher precipitation along the steepest slope of large mountain than indicated by satellite observations (Roe et al., 2016 and reference there in), which is a common problem in most GCMs. The model tends to overestimate the modern precipitation amount and RH on the western Tibetan plateau. This overestimation also exist in earlier version of ECHAM (Roe et al., 2016) and other models such as the LMDZ-iso (Zhang and Li, 2016) . The overestimation of total-column-averaged RH might weaken sub-cloud re-evaporation 20 process on the western plateau, and this weaker re-evaporation could potentially lower the meridional d 18 Op gradient in this region. Another limitation of the model is that sub-grid scale lakes are not included. Although it has been proposed that the lakes provide d 18 O-enriched vapor to the air (Bershaw et al., 2012) , under equilibrium conditions the net d 18 O flux to the air should be zero. Despite these limitations, ECHAM's simulation of d 18 Op compares favorably with natural water isotopic measurements . 25
In this study, we use a series of idealized simulations to investigate the response of water isotopes to mountain uplift and to understand the mechanisms that control (Jeffery et al., 2012; Poulsen and Jeffery, 2011) and on the Tibetan Plateau by as much as 8‰ (Poulsen and Jeffery, 2011) . In addition, Earth's orbital variations have been shown to contribute as much as 7 ‰ to oxygen isotope changes on the Tibetan Plateau (Battisti et al., 2014) , which is comparable to the isotope difference from CNTL to TOPO20 (about -11 ‰) in Fig. 6 . These large variations associated with orbital fluctuations are not observed in long records spanning 10 6 yrs (Deng and Ding, 2015; Kent-Corson et al., 2009) , presumably because the terrestrial proxy 5 archives of d
18 O integrate over orbital time periods.
Conclusion
The isotopic composition of ancient meteoric waters archived in terrestrial proxies is often used as a paleoaltimeter under the assumption that rainout during stable air parcel ascent over topography leads to a systemic isotopic depletion through Rayleigh distillation. We use an isotope-enabled GCM, ECHAM5-wiso, to evaluate the extent to which oxygen isotopes can 10 be used as a paleoaltimeter for the Himalaya-Tibet region and to explore the processes that control the d 
